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a b s t r a c t

Remote-sensing models have become increasingly popular for identifying, characterizing, monitoring,
and predicting avian habitat but have largely focused on single bird species. The Normalized Difference
Vegetation Index (NDVI) has been shown to positively correlate with avian abundance and richness and
has been successfully applied to southwestern riparian systems which are uniquely composed of narrow
bands of vegetation in an otherwise dry landscape. Desert riparian ecosystems are important breeding
and stopover sites for many bird species but have been degraded due to altered hydrology and land
management practices. Here we investigated the use of NDVI, coupled with vegetation, to model the
avian community structure along the San Pedro River, Arizona. We also investigated how vegetation and
physical features measured locally compared to those data that can be gathered through remote-sensing.
We found that NDVI has statistically significant relationships with both avian abundance and species
richness, although is better applied at the individual species level. However, the amount of variation
explained by even our best models was quite low, suggesting that NDVI habitat models may not
presently be an accurate tool for extensive modeling of avian communities. We suggest additional studies
in other watersheds to increase our understanding of these bird/NDVI relationships.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding community structure and function is important
for conservation of rare habitats and species that depend upon
those ecosystems (Colwell and Dodd, 1995; Debinski and Brussard,
1994; Wiens and Rotenberry, 1985). Avian communities are often
utilized to indicate ecosystem health (Furness et al., 1993;
Morrison, 1986; Steele et al., 1984). In particular, understanding
the relationship between avian habitat distribution and habitat use
is imperative for implementation of successful land management
actions.

Riparian woodlands in desert environments constitute a small
percentage of the landscape, yet support a high diversity and
density of avian species (Johnson and Haight, 1987; Knopf et al.,
1988). Desert riparian systems are crucial to many avian species
as migratory stopover sites (Carlisle et al., 2009; McGrath et al.,
2009; Skagen et al., 1998; Yong and Finch, 2002) and as breeding

habitat (DeSante and George, 1994; Strong and Bock, 1990).
However, a large portion of Southwestern riparian areas have been
degraded due to agriculture, overgrazing, altered hydrologic
regimes, and invasive species (Cleverly et al., 1997; Knopf et al.,
1988; Robinson, 1965; Shafroth et al., 2002; Sogge et al., 2008;
Stromberg et al., 2007; van Riper et al., 2008). Loss of much of
the Southwest’s riparian areas are correlated with the decline in
many species dependent upon desert riparian systems for one or
more parts of their annual cycle (DeSante and George, 1994; Knopf
et al., 1988; Rea, 1983; Strong and Bock, 1990; Skagen et al., 1998;
Webb et al., 2007; Yong and Finch, 2002). Impacted bird species
include, but are not limited to Bell’s Vireo (BEVI; Vireo bellii), Lucy’s
Warbler (LUWA; Vermivora luciae), and Abert’s Towhee (ABTO;
Pipilo aberti), all which were listed in 2007 on the Arizona Audubon
Watch List (see also Hunter et al., 1987). Additionally, the riparian
areas of the desert southwest are important habitat to the endan-
gered Southwestern willow flycatcher (Empidonax traillii extimus;
USFWS, 1995) and the western subspecies of the yellow-billed
cuckoo (Coccyzus americanus occidentalis), which is a candidate
for endangered species status (Gaines and Laymon, 1984; Hughes,
1999; Hunter et al., 1987; Johnson et al., 2010; Laymon and
Halterman, 1987; USFWS, 2000).
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A key first step in understanding avian habitat use is to identify
habitat availability and species use patterns. However, traditional
on-the-ground monitoring techniques for surveying birds and
documenting use patterns are expensive, time intensive and
limited in scope (Ralph et al., 1995). Since 1972, when remotely-
sensed imagery became widely available to the public, biologists
have been investigating the use of satellite imagery to identify,
characterize, monitor, and predict avian habitats over broad land-
scapes (Gottschalk et al., 2005), allowing for a faster and more
effective development of management strategies. Gottschalk et al.
(2005) summarized 109 remote-sensing studies of avian habitat
conducted since 1974 (see also Gibson et al., 2004; Mathieu et al.,
2006; Newbold and Eadie, 2004) and found that the majority of
these satellite imagery habitat models focus on single species. The
applicability of remote-sensing models to understanding broader
community structure and function remains largely untested.

The Normalized Difference Vegetation Index (NDVI; Jordan,
1969; Nixon et al., 1985; Tucker et al., 1985) is a popular metric
for habitat modeling (Gottschalk et al., 2005). In some instances,
NDVI has been shown to correlate with avian abundance and
species richness (Foody, 2005; Lee et al., 2004; Maurer, 1994;
Osborne et al., 2001; Seto et al., 2004). NDVI is sensitive to photo-
synthetic compounds (Jordan, 1969; Nixon et al., 1985; Tucker,
1979; Tucker et al., 1985), and higher values correspond to higher
amounts of photosynthetic activity, thus thicker or greener vege-
tation (Tucker et al., 1985). This then would suggest that NDVI
would have application in desert riparian systems which are
composed of narrow bands of dense green vegetation surrounded
by an otherwise brown desert environment Additionally, NDVI is
a major component of the Southwestern willow flycatcher (WIFL)
model which successfully predicts breeding sites of this endan-
gered bird (Dockens et al., 2004; Hatten and Paradzick, 2003;
Hatten and Sogge, 2007).

Here we investigate if NDVI can be used to create predictive
models for avian abundance and species richness in riparian areas
of the desert southwest. We sought to answer two questions: 1)
what relationship, if any, does NDVI show with avian abundance
and richness, and 2) what types of variables, those measured on the
ground, those measured remotely, or a combination of both,
produce better predictive models?We investigated the use of NDVI
at a 30 m2 pixel resolution, as well as NDVI averaged over larger
areas to simulate larger pixels. Foody (2005) demonstrated that
NDVI applied to even coarse-resolution imagery correlated with
species richness. NDVI can be easily calculated from satellite
imagery and would provide a quick means of assessing potential
areas to focus management or protection efforts on. If NDVI and
other remotely sensed variables (e.g., elevation, slope) can be used
in place of intensively collected vegetation data to quickly predict
areas of high bird abundance and richness, on-the-ground surveys
would be necessary only to verify model output.

1.1. Study area

Our study focused on the riparian community along 45 miles of
the upper San Pedro River in southeastern Arizona, within the
boundaries of the San Pedro Riparian National Conservation Area
(SPRNCA), land managed by the Bureau of Land Management
(BLM). We sampled an additional six miles of river in 2008 on The
Nature Conservancy land at Three Links Farm, approximately 15
miles north of I-10 (Fig. 1). The riparian area of the San Pedro River
and the surrounding basin have extremely high biodiversity,
providing breeding habitat for 389 bird species, 84 species of
mammal, and 47 species of reptile and amphibian, including
several endangered species (Steinitz et al., 2003). The San Pedro
River is the last free-flowing river in the American Southwest.

Characterized by shallow groundwater and intermittent stream
flows, this area is therefore extremely susceptible to disturbance.
Population growth in the area has increased impacts to the
watershed, including lowering the level of the aquifer supplying
the river (Steinitz et al., 2003; Stromberg and Tellman, 2009).

2. Methods

2.1. Bird sampling

We sampled birds on the upper San Pedro River from late May
through late July during three years: 2005, 2006, and 2008, using
standardized point count survey methods (modified from Ralph
et al., 1995). We selected a random start location and placed
stations every 250 m along the river. Stations were placed
approximately halfway into the riparian vegetation on a randomly
chosen side of the river. In other words, if the band of riparian
vegetation (i.e., predominantly cottonwood/willow) was wide,
point count stations would be a further perpendicular distance
from the river bed than if the segment of river had a narrow
riparian corridor. We surveyed these same 242 stations in 2005 and
2006. In 2008, from a new random start point we again placed 265
new points 250m apart along the river. The locations of the original
stations had no influence over the placement of 2008 stations.

We conducted point count surveys starting 10 min after sunrise
and lasting until 09:00 h. Trained observers approached survey
stations quietly, waited approximately 1 min for birds to acclimate,
and then recorded all birds detected for 5 min. For every bird
detected, we recorded the species, detection type (aural or visual),

Fig. 1. Map of our study site along the San Pedro river in southern Arizona, U.S.A. The
San Pedro Riparian National Conservation Area is managed by the Bureau of Land
Management, while Three Links Farm is managed by The Nature Conservancy.
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and distance to the bird with a laser range-finder. Wemonitored all
stations twice in each year. After all points were visited once, we
began revisiting points so that replicates occurred evenly spaced
throughout the breeding season and the same number of counts
occurred in the first and second halves of each season.

2.2. Vegetation survey

At each point count location in 2008, a vegetation survey was
conducted within approximately a 30 m2 area to correspond with
the 30-m2 pixels of the Landsat Thematic Mapper (TM) imagery.
We focused our efforts on four woody tree species: Fremont
Cottonwood (Populus fremontii), Gooding’s Willow (Salix good-
dingii), Tamarisk (Tamarix sp.), and Honey Mesquite (Prosopis
glandulosa).While cottonwood, willow, and tamarisk are associated
strictly with the riparian area, mesquite growsmostly in the upland
areas directly adjacent to the riparian corridor, the “mesquite
bosque,” although it also grows in small quantities within the
riparian vegetation. To estimate total canopy cover and amount
composed of each species, we used a convex densiometer and took
measurements at 3 m from the point count station in the four
cardinal directions, always facing away from the point. We esti-
mated the canopy cover at two height strata, between five and 15m
and above 15 m. To account for the amount of low vegetation not
captured in the densiometers, we estimated the amount of vege-
tative cover under 5 m tall within four 5-m radius plots. In order to
center these plots approximately under the densiometer readings,
we noted that the densitometers reflect the vegetation above and in
front of the person taking the reading. A trial run in the field
determined that plots should be placed approximately 8 m away
from the point count station in all four cardinal directions to
compensate for the parallax of the densiometer reading. Within
these four plots, we approximated the percent (to the nearest 20%)
of the area covered by low woody vegetation and counted stems.
We also recorded whether water was present in the river adjacent
to each of our point count locations.

We designed a single calculated metric for each of the four
principal tree species in order to standardize and approximate the
total amount of cover that would be visible from the air at each of
the four plot locations of each point count station:

Tree Species A ¼ ð>5mÞ þ ð% open � % cover � 5m � % stemsÞ
(1)

where:

>5 m ¼ total % of plot covered by Tree Species A as measured by
densiometer (>5 m)
% open¼ total % of plot open to sky as measured by densiometer
(>5 m)
% cover � 5 m ¼ total % of plot covered under 5 m (visual esti-
mate to nearest 20%)
% stems ¼ % stems of Tree Species A of total number of woody
stems.

For each point, we averaged these outputs (Eq. (1)) across each
of the four plot locations to derive an average measurement of
percent cover of each tree species at each point, approximating
what would be seen from above. By summing this cover estimate
for each species, across all four woody tree species at each point, we
were able to calculate the total cover (Tot Cover) of the plot
contributed by trees at all height strata. This yielded seven vege-
tation variables for each point in addition to Latitude and Elevation
(hereafter “local variables”; Table 1).

2.3. Remote-sensing

We acquired Landsat TM 30-m resolution imagery for the San
Pedro River corresponding to the years and seasons of our point
counts. One terrain-corrected scene (Path: 35, Row: 38) was ob-
tained for each year during a cloud-free day falling approximately
in the middle of the field season: June 14 in 2005, June 17 in 2006,
and June 6 in 2008. Using bands from the red (R) and near-infrared
(NIR), a floating point raster was also generated for each scene
containing values for NDVI (Tucker et al., 1985).

We determined the NDVI value for all point count locations of
the corresponding year by using the Sample tool in ArcMap 9.2
(ESRI, 1999e2006). Additionally, we used the Focal Statistics tool in
ArcMap to calculate the average NDVI values of the pixels within
different neighborhoods around each point (0.8 ha, 4.5 ha, and
10.9 ha), replicating coarser imagery such as Aster and MODIS
(USGS and Japan ASTER program 2003; ORNL DAAC, 2010). For the
2008 imagery, we also calculated the maximum (max), and stan-
dard deviations (sd) of NDVI values of the pixels within the three
neighborhood sizes around each point.

We acquired a digital elevation model (DEM) of our study site to
obtain the elevation of our points. We used SLOPE and FOCALSUM
functions in ArcMap to determine the percent of a 41-ha neigh-
borhood that was floodplain or flat (Floodplain; slope< 2.5; Hatten
and Paradzick, 2003) for each of our point count locations. This
yielded 15 remotely-sensed variables per point in addition to NDVI,
including Elevation and Latitude (Table 2).

2.4. Statistical analyses

2.4.1. NDVI and larger pixels
We examined bird species richness and combined abundance of

all birds in relation to NDVI, and NDVI averaged over each of the
three different neighborhood sizes across all three years of our
study. For our calculation of bird abundance, we averaged the total
number of birds found at a point during the 5-min count period
over both counts at that point within a given year. However, to

Table 1
A list of the nine local variables that we used to build our regression models.
Cottonwood was not included due to a high correlationwith Tot Cover, and Latitude
was not included due to a high correlation with Elevation. All variables except for
Water and Latitude were log10(x þ 1) transformed to meet conditions of normality.

Parameter Description

Water Presence or absence of water in river at point count location
(binomial)

Tot Cover Average percent of total cover (all height strata, as if viewed from
above) within four quadrants of point count location

Cover >15 m Average value (0e5) of low vegetation within four quadrants of
point count location

Cover 5e15 m Average percent of cover between 5 and 15 m tall within four
quadrants of point count location

Cover < 5 m Average percent of cover under 5 m tall within four quadrants of
point count location

Mesquite Average percent of mesquite cover at all height strata as seem
from above within four quadrants of point count location

Willow Average percent of willow cover at all height strata as seem from
above within four quadrants of point count location

Tamarisk Average percent of tamarisk cover at all height strata as seem
from above within four quadrants of point count location

Elevation meters above sea level

Correlate r
Cottonwood Average percent of cottonwood cover at all

height strata as seem from above within four
quadrants of point count location

Tot Cover 0.830

Latitude Northing value in grid format, NAD27 UTM
Zone 12 N

Elevation �0.998

T.M. Mcfarland et al. / Journal of Arid Environments 77 (2012) 45e53 47
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obtain the metric for richness, we used the total number of species
detected across all visits of each point. We only used bird detections
that were �50 m of the observer for analyses because we felt that
associating birds detected within 50 m of a point with that point
was still a reasonable distance to ensure birds are actively using the
habitat available at the point.

Although the points in 2005 and 2006 were the same, we used
them as separate yearly units due to a newNDVI value for each year.
The NDVI value differed between the two years by an average of
0.065 (coefficient of variation ¼ 0.83). We used general linear
models for analyses of bird numbers relative to NDVI. To account for
the effects of year, whether due to observer biases or actual
differences in bird numbers or vegetation foliage among years, year
was a covariate in all of our models.

Additionally, we looked at relationships between NDVI values at
locations where we detected species of conservation concern
(including Abert’s towhees, Bell’s vireos, Lucy’s warblers, summer
tanagers, Southwestern willow flycatchers, and yellow-billed
cuckoos) and also the range of NDVI values sampled.

2.4.2. Additional variables
We only measured detailed vegetation structure in 2008, so this

year alone is included in our investigation into additional variables
for modeling bird communities. Therefore, we used general linear
models to examine the relationship between NDVI and each of our
two bird-survey variables, this time using only 2008 data to
compare these regression outputs to those investigating additional
variables.

Due to non-normality, we transformed all local variables except
Water and Latitude with a Log10(x þ 1) transformation. We also
squared the values of Floodplain to meet conditions of normality.
We looked for correlations among our local variables and among
our remote-sensing variables. When two variables were highly
correlated (r � 0.8), we removed one of the two parameters
(Tables 1 and 2).

A forward stepwise linear regression was used to select our
models. We first determined what local variables most influence
NDVI, then ran stepwise regressions separately for abundance and
richness with each set of variables: local variables, remotely-sensed
variables, and all variables together. Latitude and Elevation were
included as both local and remotely-sensed variables (Tables 1 and
2), since both can be determined on the ground with a GPS unit or

by remote-sensing. Whenever Water, our only binomial parameter,
was included, we used a Student’s t- test to determine Water’s
effect on the response variable. Finally, we compared the R2 values
of our resulting models for abundance and also compared the
resulting models for richness to determine whether the model
containing local variables, remotely-sensed variables, or all vari-
ables together explained the greatest variation.

3. Results

3.1. NDVI and larger pixels

The NDVI values at our sample points were normally distributed
within each year of our surveys (2005: mean ¼ 0.265, sd ¼ 0.132;
2006: mean ¼ 0.292, sd ¼ 0.130; 2008: mean ¼ 0.265, sd ¼ 0.136)
and across all three years of surveys (mean ¼ 0.273, sd ¼ 0.133).
Bird abundance showed a positive relationship with NDVI after
accounting for year (Fig. 2; Table 3). Species richness also increased
as NDVI increasedwhen year was accounted for (Fig. 2; Table 3). We
still found positive linear relationships with bird abundance and
species richness when NDVI was averaged over each of our three
defined neighborhood sizes (0.8 ha, 4.5 ha and 10.9 ha), (Table 3).
For both abundance and richness, the amount of explained varia-
tion slightly increased when NDVI was averaged over a 0.8 ha
neighborhood but then consistently decreased as the neighbor-
hoods increased in size.

Fig. 2. Regression lines between bird abundance (A) or bird species richness (B) and
NDVI at the point (30 m2) for all three years, after accounting for year and an inter-
action term. NDVI was found to have a positive relationship with both bird parameters.

Table 2
A list of the eight NDVI-related remote-sensing variables that we used to build our
regression models. The bottom five variables were not included due to of high
correlation factors with other variables.

Parameter Description

NDVI NDVI value at point count location (30 m2 or 0.09 ha)
Max 0.8 ha maximum NDVI value within a 0.8 ha neighborhood
SD 0.8 ha standard deviation in NDVI values within a 0.8 ha neighborhood
Avg 10.9 ha average NDVI value within a 10.9 ha neighborhood
Max 10.9 ha maximum NDVI value within a 10.9 ha neighborhood
SD 10.9 ha standard deviation in NDVI values within a 10.9 ha

neighborhood
Floodplain % floodplain or flat of 41 ha neighborhood
Elevation meters above sea level

Correlate r
Avg 0.8 ha average NDVI value within a 0.8 ha

neighborhood
NDVI 0.843

Avg 4.5 ha average NDVI value within a 4.5 ha
neighborhood

Avg 10.9 ha 0.923

Max 4.5 ha maximum NDVI value within a 4.5 ha
neighborhood

Max 10.9 ha 0.896

SD 4.5 ha standard deviation in NDVI values
within a 4.5 ha neighborhood

SD 10.9 ha 0.878

Latitude Northing value in grid format,
NAD27 UTM Zone 12 N

Elevation �0.998

T.M. Mcfarland et al. / Journal of Arid Environments 77 (2012) 45e5348
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Whenwe examined the range of NDVI values where our species
of concern were detected, in comparison to the range of all NDVI
values that were sampled, we found that willow flycatchers were
detectedwithin a narrower range of higher NDVI values (Fig. 3). The
mean NDVI values of the detections of both summer tanagers and
yellow-billed cuckoos were higher (0.021 and 0.078, respectively)
than the mean NDVI value of all of our sample points (0.273), but
the range was similar. However, we found that the NDVI values at
detections of Abert’s towhees, Bell’s vireos, and Lucy’s warblers had
a similar mean and distribution to that of the entire sample (Fig. 3).

3.2. Additional variables

Since the San Pedro River runs south to north, Latitude and
Elevation were highly correlated (r ¼ �0.998), so Latitude was not
used in regressions using local or remotely-sensed variables
(Tables 1 and 2). Cottonwood was highly correlated to Tot Cover
(r ¼ 0.8295), so Cottonwood was removed, leaving nine total local
variables (Table 1). Many of the remotely-sensed variables derived
from NDVI were also correlated, leaving only eight remote-sensing
variables including Elevation (Table 2).

3.2.1. Local variables
When NDVI was modeled using our local variables, the regres-

sion selected vegetation at two height strata (Cover > 15 m, and
Cover < 5 m), as well as Total Cover, Water, and Mesquite, for
inclusion in the model (R2 ¼ 0.370; F5,259 ¼ 30.392, p < 0.001;
Table 4). NDVI was found to be 0.063 higher (95% CI between 0.035
and 0.092) at points where water was present (t ¼ 1.969, p < 0.05).
However, increasing amounts of mesquite had a negative effect on
NDVI (Table 4).

Bird abundance was best predicted by Water, Willow, and
Mesquite (adjusted R2 ¼ 0.124, F3,261 ¼ 13.544, p < 0.001, Table 4).
Abundances of birds were significantly higher where water was
present (1.469, 95% CI between 0.745 and 2.194, t¼ 1.969, p< 0.05).
Increasing Willow had a positive effect on bird abundance, but
increasing amounts of Mesquite resulted in fewer birds (Table 4).

Species richness was best predicted by Willow, Mesquite, and
Elevation (adjusted R2 ¼ 0.158, F3,261 ¼ 17.528, p < 0.001, Table 4).
Richness increased with increasing amounts of Willow and with
Elevation, but richness decreased as Mesquite increased (Table 4).

3.2.2. Remotely-sensed variables
The use of other remotely-sensed variables did increase the

amount of explained variation over NDVI alone for avian abun-
dance and species richness (Fig. 4). When modeled with NDVI
alone, bird abundance had a positive relationship with NDVI, but
considerable variation was still unaccounted for (adjusted
R2 ¼ 0.085, F1,263 ¼ 25.641, p < 0.001). When we added the other
remotely-derived variables (Table 2) to NDVI and ran a stepwise
regression, the regression selected Max 0.8 ha, SD 0.8 ha, and Avg
10.9 ha in the model for abundance (adjusted R2 ¼ 0.147,
F3,261 ¼ 16.179, p < 0.001, Table 5), where increasing SD 0.8 ha and
Avg 10.9 ha decreased bird abundance but increasing Max 0.8 ha
increased bird abundance.

We did not find a relationship between species richness and
NDVI alone in 2008 (adjusted R2 ¼ 0.006, F1,263 ¼ 2.663, p ¼ 0.104).
When we added all remote-sensing variables and ran the regres-
sion, the model selected only Elevation and Floodplain to model
richness, where richness increased with an increase in both
elevation and floodplain size (adjusted R2 ¼ 0.118, F2,262 ¼ 18.686,
p < 0.001, Table 6).

3.2.3. All variables
When we added all of our local and remotely-sensed variables

into a stepwise model, model selection determined abundance to
be best modeled with Max 0.8 ha, Willow, Mesquite, and Water
(adjusted R2 ¼ 0.171, F4,260 ¼ 14.610, p < 0.001). However, whenwe
ran the same regression for species richness, we obtained similar

Table 3
Results of linear regressions between bird abundance or species richness and NDVI
at a 30m2 pixel or NDVI averaged over increasingly large neighborhood sizes (0.8 ha,
4.5 ha, and 10.9 ha). Even at the largest neighborhood size, both abundance and
richness showed a positive relationship with NDVI.

R2 NDVI Year NDVI * Year

F1,733 p F2,733 p F2,733 p

Abundance
30 m2 0.295 106.475 * 96.337 * 8.399 0.0002
0.8 ha 0.329 147.592 * 97.085 * 9.914 *

4.5 ha 0.271 77.743 * 80.537 * 9.218 *

10.9 ha 0.218 27.752 * 75.353 * 5.839 0.003
Richness
30 m2 0.185 54.56 * 49.369 * 10.414 *

0.8 ha 0.199 64.072 * 48.501 * 12.92 *

4.5 ha 0.158 26.204 * 44.357 * 11.991 *

10.9 ha 0.131 5.576 0.019 43.557 * 8.498 0.0002

*less than 0.0001.

Fig. 3. Distribution of NDVI values for all points surveyed on the San Pedro River across
three years of study (N ¼ 736), of detection points for Abert’s towhees (ABTO;
N ¼ 356), Bell’s vireos (BEVI; N ¼ 301), Lucy’s warblers (LUWA; N ¼ 208), summer
tanagers (SUTA; N ¼ 317), southwestern willow flycatchers (WIFL; N ¼ 5), and yellow-
billed cuckoos (YBCU; N ¼ 52).

Table 4
NDVI, abundance, and richness modeled by vegetation. Variables were selected by
stepwise regression analysis. Sample size was 265 for all regressions.

Term Estimate Std Error t ratio Prob>jtj
NDVI Intercept �0.068 0.039 �1.755 0.081

Water 0.063 0.015 4.361 <0.001
Tot Cover 0.058 0.020 2.906 0.004
Cover > 15 m 0.046 0.016 2.916 0.004
Cover < 5 m 0.129 0.025 5.189 <0.001
Mesquite �0.110 0.037 �3.017 0.003

Abundance Intercept 11.697 0.312 37.477 <0.001
Water 1.469 0.368 3.996 <0.001
Willow 1.301 0.372 3.497 0.001
Mesquite �2.446 0.956 �2.558 0.011

Richness Intercept �0.836 2.045 �0.409 0.683
Willow 1.043 0.319 3.267 0.001
Mesquite �2.467 0.825 �2.989 0.003
Elevation 0.011 0.002 6.127 <0.001

T.M. Mcfarland et al. / Journal of Arid Environments 77 (2012) 45e53 49
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results as when the regressionwas runwith the local variables only
(Willow, Mesquite, and Elevation, Table 4).

3.3. Model comparison

Comparing all the regression models based on the amount of
variation they explain, the most variation is explained for abun-
dance models that include remotely-sensed variables, with and
without local variables (Fig. 4). For richness, local variables alone
explained the most variation, and no remote-sensing variables
were chosen when all variables were provided. However, even the
best models for both abundance and richness explained only about
17% of the variation.

4. Discussion

Our data suggest that utilizing only remote-sensing variables is
not suitable for modeling avian abundance and richness along the
riparian area of the San Pedro River. Although the relationships that

we found between NDVI and avian numbers (abundance and
species richness) were statistically significant, the relationships
were weak. For example, when we examined only our 2008 data,
the relationship between NDVI and species richness was not
detectable. Moreover, the amount of variation explained by the
relationships decreased as we averaged NDVI over larger areas.
Even when additional variables were added, the predictive power
of all models remained low.

However, NDVI has been successfully used in habitat models for
riparian species in other locations in the southwest, specifically
Arizona and New Mexico for the southwestern willow flycatcher
(Dockens et al., 2004; Hatten and Paradzick, 2003; Hatten and
Sogge, 2007). When we examined the range of NDVI values for
our five species of concern, only the southwestern willow
flycatcher showed evidence of a preference for a narrow range of
NDVI values. While southwestern willow flycatchers are known to
prefer higher NDVI values (>0.41; Hatten et al., 2010), yellow-billed
cuckoos also prefer more dense vegetation (Anderson and Laymon,
1988; Johnson et al., 2010). But we detected yellow-billed cuckoos
only at NDVI values that were, on average, only slightly higher than
all sampled points. Our data point out the difficulty of applying
NDVI values as a predictor of avian community preferences over
large geographic expanses, but also demonstrate the usefulness of
NDVI as an indicator of habitat associations for individual species.
However, we suggest additional studies in other watersheds to
increase our understanding of these bird/NDVI relationships.

We found that the local variables that had the most predictive
ability for NDVI were generally not the same variables that were
correlated with bird abundance or richness. Since NDVI can be
affected by many landscape variables such as the composition of
tree species, the way the trees are grouped, the amount of under-
story, the soil type, phenological changes, and the presence of
water (Nagler et al., 2004; Nicholson and Farrar, 1994; Prasad et al.,
2008), the inclusion of such variables into our regression models
allowed us to account for multiple habitat differences. Even the
additions of these local variables generally did not enhance the
ability of NDVI to predict avian community preferences on the San
Pedro.

While the NDVI value at each avian census point was not good in
predicting avian abundance or species richness, the maximum
NDVI value within a 0.8 ha neighborhood was selected in our
regression models as an indicator of avian abundance. This effect
could well be due to birds responding to a general location that had
resources located over a wider area, than just the resources present
at the counting station. Therefore, one could be counting in an area
with an NDVI value indicating low vegetation productivity, but
detect many birds that were located in or on the edge of a region of
higher productivity. Similarly, the effect of SD 0.8 ha might be
a product of fewer high productivity cells due to a more hetero-
geneous habitat in a small area (increasing SD 0.8 ha), thus causing
fewer birds to be located in the general area.

Richness was best explained by two variables, Elevation and
Floodplain. Floodplainwas also a metric that was an integral part of

Fig. 4. Differences in explained variation (R2) among models for avian abundance and
species richness using NDVI, including vegetation and remotely-sensed data from the
San Pedro River in southern Arizona, U.S.A. Avian Species Richness is best modeled
with vegetation alone, while bird abundance is best modeled with a combination of
remotely-sensed and vegetation variables. When given all possible variables, a step-
wise regression for bird richness yielded the same results as the vegetation only
model.

Table 5
Avian abundance and richness modeled with all remotely-sensed variables. All
variables were selected by stepwise regression analysis. Sample size was 265 for all
regressions.

Term Estimate Std Error t Ratio Prob>jtj
Abundance Intercept 10.179 0.804 12.656 <0.001

Max 0.8 ha 16.499 2.529 6.523 <0.001
SD 0.8 ha �21.673 7.116 �3.045 0.003
Avg 10.9 ha �8.728 3.665 �2.382 0.018

Richness Intercept �0.386 2.075 �0.177 0.859
Elevation 0.010 0.002 5.420 <0.001
Floodplain 1.358 0.588 2.309 0.022

Table 6
Abundancemodeled with all available variables. All retained variables were selected
by stepwise regression analysis. Variables selected for Richness were the same as in
Table 4. Sample size was 265 for all regressions.

Term Estimate Std Error t ratio Prob>jtj
Abundance Intercept 9.258 0.685 13.515 <0.001

Max 0.8 ha 7.395 1.876 3.943 <0.001
Willow 1.012 0.369 2.740 0.007
Mesquite �2.278 0.932 �2.444 0.015
Water 0.912 0.385 2.371 0.018
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Hatten and Paradzick’s (2003) southwestern willow flycatcher
model. While flat areas and resulting floodplains along a riparian
area do usually correlate with dense, wetland vegetation (cotton-
wood/willow), floodplain size was not correlated with any of our
local variables. Possibly, the lowgroundwater level of the San Pedro
River could be confounding the effect of floodplain. Thus, as the
groundwater level below the San Pedro declines over time
(Stromberg and Tellman, 2009), diversity of riparian plant species
will certainly decline and species composition will shift from
cottonwood/willow trees to more drought tolerant shrub species
like tamarisk ormesquite (Stromberg et al., 2007). This would cause
the largefloodplains on theupper part of the San PedroRiver tohave
less dense vegetation as happens on other southwestern rivers that
are dammed or where flow is less intermittent (Hatten et al., 2010;
Stromberg et al., 2007). The changewould certainlymean that NDVI
would become an even less powerful predictor of avian community
structure and species richness as the floodplain changes.

The total amount of cover was only included in the model for
NDVI and was not selected in our models for avian abundance or
richness, indicating that the types of vegetative species composing
the cover (and not just the amount of cover) is important to birds
on the San Pedro (Strong and Bock, 1990). Certain species-specific
vegetative parameters were incorporated into our regression
models. Willow was selected in all models for avian abundance
and richness that included local variables, and always had a posi-
tive relationship with bird numbers. Willow (Salix spp) has been
found to be important foraging substrate for avian species (DeLay
et al., 1999; Morrison et al., 1994). Mesquite was also selected in all
models where local parameters were included, but consistently
had a negative relationship with NDVI and our bird numbers.
Since vegetation surveys encompassed approximately 15 m on
each side of the point count, it is likely that areas where mesquite
was detected had a narrower area of cottonwood-willow than
sites without mesquite. Less riparian vegetation (a narrower
riparian corridor) would thus yield a lower NDVI value, and these
areas would also support fewer numbers and a lower diversity of
birds.

Tamarisk was not included in any of our models. While tamarisk
was present at 114 of our 265 point locations, we only had eight
points where 10% or more of the cover as seen from above was
composed of tamarisk. The effects of tamarisk could possibly have
been lost due to a small sample size. However, willow andmesquite
were also found only in small quantities at our sites, with only 40
points being 10% or more covered by willow and zero points having
that much mesquite, yet the effects of these trees were still
important in multiple models. Tamarisk is generally considered to
have low arthropod abundance and a less diverse arthropod
community compared to native vegetation (DeLay et al., 1999;
DeLoach et al., 2000; McGrath et al., 2009; Yard et al., 2004), and
there is still much debate over the role of tamarisk as habitat for
birds (Cersale and Guglielmo, 2010; Paxton et al., 2011). Therefore,
the effect of tamarisk on birds is less important than are other
native plant species as has been shown on the Colorado River by
van Riper et al. (2008).

Water was included in both models for avian abundance that
incorporated local variables. The presence ofwater always increased
NDVI as well as our bird variables, even though the spectral signa-
ture of water actually lowers the NDVI value inmixed pixels (Justice
et al., 1985; Pettorelli et al., 2005). We can thus assume that the
presence of water increases NDVI by supporting more vegetation at
a site. During the dry summer in the desert, areas along the river
where water is present tend to have fuller canopies and support
more cottonwoods and more dense vegetation (Brand et al., 2008;
Mills et al., 1991) and would thus have higher NDVI values, and in
fact we did detect more birds in these areas.

The results of our adjusted R2 values suggest that NDVI and
NDVI-related variables have more potential for use in modeling
avian abundance, than in modeling avian species richness. But even
our best models for abundance failed to explain a great deal of the
variation. A large source of sampling error could have been asso-
ciated with avian detection during point counts, although we
minimized the effect of observer bias by training, using only
a single observer, and only counting birds detected within a 50 m
radius. Also, detected birds could have just been passing through,
thus our avian detections were not related to the quality of the
habitat (Van Horn, 1983). But we did confine our surveys to the
breeding season when bird movement is minimized. Because we
assessed the abundance and richness of all avian species, not all
bird species were strictly affiliatedwith riparian vegetation and this
might have artificially raised the numbers or diversity counts of
areas with more upland-like vegetation (mesquite). However, we
found that the exclusion of non-riparian species did not improve
the predictive ability of our regression models.

While some of the variation within our models might be
attributed to errors associated with remote-sensing and avian
surveys, the relationships that we found between NDVI and avian
abundance and richness are not robust. Even though we found that
NDVI has statistically significant relationships with both avian
community abundance and avian species richness, the amount of
variation explained by even our best models was quite low.We thus
conclude that NDVI habitat models may not presently be an accu-
rate tool for extensivemodeling of avian community structure along
riparian corridors in the southwest, and further study is needed.

5. Management implications

Our study found that remotely sensed NDVI data are presently
not a practical means for rapidly assessing avian community
species richness and abundance on the upper San Pedro River. Our
NDVI models were, however, successful at predicting habitat pref-
erences of some individual species, as Hatten and Paradzick (2003),
Penhollow and Stauffer (2000), and Seoane et al. (2004) have done
in other areas of the southwestern U.S. Additional investigation
along other riparian systems is needed into the use of NDVI as a tool
to model individual avian species of concern, namely the yellow-
billed cuckoo. Our study also found that vegetation species
composition and their resulting NDVI signature can be an indicator
of abundance of birds, although further studies are needed to refine
these relationships.While the R2 values of our models were low, we
did find relationships between avian abundance and remotely-
sensed variables, and if refined, these models could indicate
regions of high quality avian habitat. Thismakes NDVI an invaluable
tool to quickly assess existing riparian areas and to model
sequential changes to the environment. As habitat change occurs,
whether through climate change, human impacts, or habitat
restoration, the ability to quickly assess and predict consequences
of these changes will become critical to the conservation of these
environments.
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